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Abstract
We calculate the two-pion exchange potential between a heavy meson and a heavy baryon. We find this
potential is as strong as the one-pion exchange potential between two heavy mesons and is enough to bind
Λb − B¯. Though our result is sensitive to the cut-off, the value of the cut-off is in the reasonable region.
1 Introduction
In the naive quark model, there are no more than three quarks and anti-quarks in a hadron. This picture is not
quite consistent with the fundamental theory of the strong interaction, Quantum Chromodynamics (QCD), because
colour singlets can be formed from larger numbers of quark constituents. Thus it is generally believed that hadron
configurations should exist beyond the naive quark model, i.e., hadrons composed of four, five or more quarks and
anti-quarks. Actually, the nuclei, which can be considered as multi-quark states, have already been found long ago.
It is amazing that the four and five quark states have not been found yet. It is possible that QCD dynamics prevents
the formation of these states or their experimental observation may be difficult. For QCD itself, the confirmation
of such “exotic” hadrons in experiments surely is welcome .
The simplest extension of the naive quark model is the four-quark state [1]. Some four-quark states may have
“exotic” quantum numbers and can be easily distinguished from the “normal” mesons, but because most of them
have the same quantum number as the “normal” mesons, identification of them becomes challenging. At present,
there is a focus on the so-called molecule states, which have an anomalously large decay width in a special channel
in which the masses of the states are on the kinematic threshold. The famous examples are f0(980) and X(3872).
Such molecule states are considered as loose bound states of two normal mesons via pion exchange [20]. This picture
is very similar to the nuclei.
For the five-quark state [2], the train of thought is similar. Some states [e.g., the candidate θ(1540)] do not mix
with the normal baryons and can be identified easily. But most of them [e.g., the candidate N∗(1535))] may be
confused with the normal baryons. The configuration of the five quark states has two types, the diquark correlation
and the meson-baryon bound state system. The N∗(1535) is often considered as the bound state of KΣ [14].
However, most discussions on meson-baryon molecules is restricted to light meson-baryon systems. This could be
attributed to either experimental difficulties or challenging dynamics. In the meson-meson system, the one-pion
exchange plays the most important role in binding two mesons. In the meson-baryon system, since there is no
one-pion exchange (OPE), the four-particle interaction, such as the N¯NK¯K interaction in the case of the Λ(1405)
(which is considered as a quasi-bound state of K¯N [26]), is very important. The coupling of the four-particle
interaction can be fixed within Chiral Perturbation Theory (CPT) only if the constituent meson of the system is a
goldstone boson. For the double heavy meson-baryon system, such as the ΛcD¯ system which we will consider, the
four-particle interaction is currently unknown and its simple extension may have a large uncertainty. Instead, we
consider two-pion exchange (TPE) in the ΛcD¯ system.
TPE not only can provide intermediate and long distance interactions, but also can provide the short distance
interaction. The magnitude of TPE may be referred to the nucleon’s case. In nuclei, TPE is important partly
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because of the large coupling gN∆pi [8] [9]. For our case, the coupling between heavy baryons is also very large [17].
As a naive dimensional analysis [7], the ratio between TPE of DΛc and OPE of DD¯
∗ is g24Mσµ/(8πf
2
pi) (we use
OPE for DD¯∗ because there is no OPE between ΛcD). The energy scale µ2v = (MΣ −MΛ)2 −M2pi ≈ (200MeV )2,
g4 ≈= 1.24± 0.17, so DD¯∗ is g24Mσµ/(8πf2pi) ∼ 1. For DD¯∗, many authors claim [10][19][20][13] that OPE may be
strong enough to bind DD¯∗ together. So it is appropriate to consider effects of TPE between DΛc. Without any
information about counter terms (the four-particle interaction), our calculation is clearly dependent on the cutoff.
A reasonable cutoff may be chosen by referring to the deuteron and X(3872) cases.
From the experimental point, SELX has already claimed the existence of the double heavy baryon Ξcc [15]. Along
with more and more double heavy baryons being found in experiments, the situation may become very similar to
heavy quarkonium, i.e., many resonances may be considered as molecule states, such as X(3872), Zb(10608) [5].
Even the double heavy baryon-baryon state has been already considered [6]. The possibility of the double heavy
meson-baryon state will be considered eventually.
In this paper, we consider the bound state of the D¯(B¯) − Λc(Λb) system via TPE between the D¯(B¯) and the
Λc(Λb). The two-pion exchange potential (TPEP) is regularized by a Gaussian type form factor [22] [24]. The
potential is sensitive to the cut-off Λ as expected, but we find it is as strong as the one-pion exchange potential
(OPEP) of the D¯−D∗ and B¯ −B∗ system at Λ ∼ 1GeV , and the latter is believed strong enough to bind the two
heavy mesons. Then we discuss the bound state of of the D¯(B¯)−Λc(Λb) system by solving the Scho¨dinger equation
and find a bound state for Λ ∼ 1GeV . Finally, we give a brief discussion and conclusion.
2 Two-pion exchange potential and the bound state of D¯ − Λc
The effective chiral lagrangian for the heavy mesons and baryons were already given in [16] [17]. For the heavy
meson system, the lagrangian can be systematically expanded in the powers of small external momenta
L = −iTrHaνµ∂µHa + 1
2
iTrHaHbν
µ(ξ†∂µξ + ξ∂ξ†)ba +
1
2
igTrHaHbγνγ5(ξ
†∂µξ − ξ∂ξ†)ba + · · · (1)
with
Ha =
1 + /ν
2
(P ∗aµγ
µ − Paγ5)
Ha = (P
∗†
aµγ
µ + P †aγ5)
1 + /ν
2
,
where
M =


pi0√
2
+ η√
6
π+ K+
π− − pi0√
2
+ η√
6
K0
K− K0 −
√
2
3
η

 ,
Σ = e2iM/fpi with fpi = 132MeV and ξ = Σ
1/2. νµ is the velocity of the heavy meson, g is the coupling constant
and
Vµ =
1
2
(ξ†∂µξ + ξ∂µξ†),
Aµ =
i
2
(ξ†∂µξ − ξ∂µξ†).
In this paper, we only consider the leading order of the heavy meson expansion and the order of the chiral
expansion up to O(p2/(4πfpi)
2), so after substituting D meson fields for P and P ∗, we can write the interaction part
of Eq.(1) in the rest reference frame of the heavy hadron (which is also approximately the center of mass reference
frame of system we will discuss) as
LDD∗ = −2
f2pi
Dt · (π × π˙)D − 2g
fpi
(
√
2D∗†t · ~∇πD +
√
2D†D∗t · ~∇π)− 2
f2pi
D
∗
t · (π × π˙)D∗,
2
where 2t is Pauli matrix.
For the heavy baryon, the lagrangian is written as [17]
L = 1
2
Tr[B
3
(i /D −M
3
)B
3
] + Tr[B6(i /D −M6)B6]
+Tr{B∗µ6 [−gµν(i /D −M∗6 ) + i(γµDν + γνDµ)− γµ(i /D +M∗6 )γν ]B∗ν6 }
+g1Tr(B6γµγ5A
µB6) + g2Tr(B6γµγ5A
µB
3
) +H.C.+ g3Tr(B
∗
6µA
µB6) +H.C.
+g4Tr(B
∗µ
6 AµB3) +H.C.+ g5Tr(B
∗ν
6 γµγ5A
µB∗6ν) + g6Tr(B3γµγ5A
µB
3
),
(2)
where gi, i = 1, 6 are coupling constants, B3, B6 and B
∗
6 are the fields of anti-triplet , sextet baryons with 1/2 spin
and sextet baryons with 3/2 spin respectively. Explicitly,
B6 =


Σ+Q
1√
2
Σ0Q
1√
2
Ξ
′
+1/2
Q
1√
2
Σ0Q Σ
−
Q
1√
2
Ξ
′−1/2
Q
1√
2
Ξ
′
+1/2
Q
1√
2
Ξ
′−1/2
Q ΩQ

 ,
B
3
=


0 ΛQ Ξ
+1/2
Q
−ΛQ 0 Ξ−1/2Q
−Ξ+1/2Q −Ξ−1/2Q 0

 ,
B∗6 is similar to B6. M3 ,M6 andM
∗
6 are the masses of anti-triplet , sextet baryons with 1/2 spin and sextet baryons
with 3/2 spin respectively. Similarly, keeping the leading order of the chiral expansion, we obtain the interaction
part of Eq.(2)
L = −g2
fpi
Σcγµγ5∂
µπΛc +H.C.+
−g4
fpi
Σ∗c∂
µπΛc +H.C. +
−1
f2pi
Λct · (π × π˙)Λc.
Normally, the coupling constants g and gi(i = 1, 6) should be determined by the experimental data. From the
decay width Γ(D∗ → Dπ) [18], one can obtain g = 0.59 ± 0.06. (In the following, we only use the central value
g = 0.59. This value is widely used, for instance see [7].) In the absence of the experimental data, gi(i = 1, 6) could
be determined by the heavy quark symmetry and quark model [17]. From [17], g4 = −
√
3g2, g4 = 1.24± 0.17. g1,
g3, g5 and g6 are not needed in this paper.
Since Λc is an isospin singlet, there is no ΛcΛ¯cπ interaction, but there is a ΣcΣ¯cπ interaction. However, because
the coupling g1 in Eq.(2) is much smaller than g2 and g4 [17], the interaction ΛcΣ¯cπ is more important. In the
D¯−Λc system, π±, π0 can be exchanged via the intermediate state Σc, while there is only one sort of pion that can
be exchanged in the D¯ − Σc via the intermediate state Λc. Therefore, we only consider the D¯ − Λc system in the
following.
The calculation of the two-pion exchange potential is quite straightforward. The divergence can be regularized
by introducing a gaussian cut-off [22] [24] or in the dimensional regularization scheme [23]. Although the scheme
of dimensional regularization seems more elegant, it is not suitable for our case. In the dimensional regularization
scheme, the potential behavior at short distance is 1/r5 or 1/r6 (which has a singularity at r=0) [23], the origin
of this behavior is the divergent momentum integral in the Fourier-transformation to coordinate space. Thus a
cutoff is needed to regularize the short distance behavior; In the absence of any information about counter terms
(short distance interaction), this scheme is also sensitive to the cut-off. The cut-off scheme is widely used for
phenomenological estimates. The shortcoming of this scheme is sensitivity to cut-off dependence. The dependence
on the cut-off should be removed by counter terms for which we have no knowledge. But we still can get useful
information if we choose a suitable cut-off. For example, a cutoff of the order of the breakdown scale can serve as
an order-of-magnitude estimate for unknown counter terms.
The calculation is very similar to that for the nucleon-nucleon potential [22] [24], except that the parallel box
diagram in our case is a little bit different. In the nucleon case, one should be careful to extract the “iterated one-
pion exchange” contribution [23]. Therefore, “old-fashioned” time-ordered perturbation theory is widely used [22].
However, there is no one-pion exchange between D and Λc, so we can calculate directly using covariant perturbation
theory.
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Figure 1: The Feynman Diagrams
Mass differences, such as a = 2(MD∗ −MD) and b = 2(MΣc −MΛc), play important roles in our calculation, so
we keep them in the heavy hadron mass expansion. For instance , we write the propagator of the D∗ meson as
TD∗ = − MD
∗gµν
(p1 − l−q2 )2 −M2D∗ + iǫ
= − gµν−l0 − a+ iǫ , (3)
where we use the conditions p21 = M
2
D, the momenta l and q are shown in Fig.1 and q0 = 0. Then the rest of the
calculation can be carried out directly as in [22].
Feynman Diagrams are shown in Fig.1. The corresponding potentials are given in the Appendix. In Fig.2, we
show the total TPEP with various cut-offs Λ. At Λ = 1000MeV , the potential is comparable with that of DD∗ at
Λ = 1200MeV in [20] and Λ = 1000MeV in [21]. Although the authors in the latter cases use the pole-type form
factor, we see that there is not much difference between these two cut-off schemes. For instance, Λ = 1000MeV in
the Gaussian scheme is comparable with Λ = 900MeV in the pole scheme for OPEP of DD∗. Uncertainty can also
arise from g4. Around the central value of g4 = 1.24, there is only 10 percent uncertainty for g4 which may cause
about 100MeV uncertainty in Λ.
We vary Λ to search the solution of the Schro¨dinger equation. The result for the bound state of Λc− D¯ is shown
in the Table 1. A similar calculation is valid for the Λb − B¯ and the result is shown in Table.2.
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Figure 2: The total Potential of the Λc − D¯ with various cutoff Λ(in units of MeV)
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Figure 3: TPEP between nucleons with I=1,S=0 at Λ = 700MeV
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Λ[MeV] g4 Ebind[MeV] E =M − Ebind[MeV]
1100 1.3 Not find -
1150 1.3 -1.06 4150.20
1200 1.3 -8.25 4143.01
1250 1.3 -23.74 4127.42
Table.1 The bound state of the D¯ − Λc in S-wave.
Λ [MeV] g4 Ebind [MeV] E =M − Ebind [MeV]
800 1.3 Not Found -
850 1.3 -0.62 10899.08
900 1.3 -4.03 10895.67
950 1.3 -11.58 10888.12
1000 1.3 -25.05 10874.65
Table.2 The bound state of the B¯ − Λb in S-wave.
3 Discussion and conclusion
In the cutoff scheme, the conclusion is inevitably sensitive to the cutoff. But the value of the cutoff cannot be
known a priori. Because the long distance interaction is cut-off independent, we would like to know whether the
short distance interaction is overestimated at the cut-off we choose. We can address this point by reference to the
deuteron case. By using the TPEP between nucleons obtained in [24] plus OPEP, we repeat the process above and
find a 3S1(I = 0) deuteron bound state starts to appear at Λ = 700MeV consistent with [20].
An alternative approach s to study the nucleon’s interaction is given in ref. [28], where the authors use OPEP
plus the potential from the leading order counter terms to fit the experimental data. The potential from the counter
terms in the leading order of Chiral expansion is written as
V = Cδ3(r). (4)
In the channel 3S1(I = 0), because the tensor part of OPEP is divergent at r = 0 the situation is very complicated
[28], so we make a comparison with the channel 1S0where the value of the coefficient C in (4) at Λ = 700MeV
is −(0.74 ∼ 1) × 10−4MeV −2 [28] [29]. Meanwhile, TPEP at Λ = 700MeV is shown in Fig.3. Analogously,
if the potential in Fig.2 at Λ = 1000MeV is suitable for the heavy meson-baryon system, the coefficient C of
the corresponding potential (4) could be as large as −1 × 10−4MeV −2. Since we do not know C for the heavy
meson-baryon system, we refer to the KN system [26]. At Λ = 412MeV , C = −(2.6 ∼ 5.7)× 10−4MeV 2.
The dependence of C on Λ may be complicated. In [29], the authors use a square well with radius R to smear the
delta function of (4), then C ∼ 1/Λ. This is approximately consistent with the result in [28]. Then, at Λ = 1GeV ,
C = −1 ∼ −2.3×10−4MeV 2 for the KN system. In QCD the interaction between two quarks is mass-independent,
so the value of C in the KN system may be referred to the D¯Λc system. Surely, C is dependent on the masses of
the meson and the baryon. In [26], the value of C increases with increasing meson mass. If this tendency continues
to the mass of the D meson, Λ is in the range 1000MeV ∼ 1150MeV .
From the above consideration, a bound state of the B − Λb is optimistically expected, while for the D¯ − Λc
case the bound state is prudently expected and the situation may be dependent on the higher order corrections
of the heavy quark expansion. Referring to the X(3872) which is considered as a bound state of D − D¯∗ as
many authors suggested [27], if the D¯ − Λc bound state (Λ(4150)cc) exists, it could be produced in the channel
Λb → Λ(4150)ccK → ηcNK. The exact branching ratio of this channel is not easy to obtain, but the order of the
branching ratio Λb → Λ(4150)ccK may be roughly equal to that of B → X(3872)K, because the scalar diquark in
Λb and the light quark in B could be roughly considered as spin-decoupled spectators in heavy quark limit. This
channel is expected to be seen in LHCb.
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5 Appendix
1. spin- 3
2
digram in momentum space
Va(~q) =
−1
4
(
g
fpi
)2(
g4
fpi
)2
∫
d3l
(2π)3
(~l − ~q) · (~l + ~q)(~l − ~q) · (~l + ~q){ 1
2(a+ c)
[
1
ω1(ω1 + a)
− 1
ω2(ω2 + a)
]
1
ω22 − ω21
+
1
2(a+ c)
[
1
ω1(ω1 + c)
− 1
ω2(ω2 + c)
]
1
ω22 − ω21
},
Vb(~q) =
−1
4
(
g
fpi
)2(
g4
fpi
)2
∫
d3l
(2π)3
(~l − ~q) · (~l + ~q)(~l − ~q) · (~l + ~q){ −1
2(a− c) [
1
ω1(ω1 + a)
− 1
ω2(ω2 + a)
]
1
ω22 − ω21
+
1
2(a− c) [
1
ω1(ω1 + c)
− 1
ω2(ω2 + c)
]
1
ω22 − ω21
},
Vc(~q) = −1
2
(
g4
fpi
)2
1
f2pi
∫
d3l
(2π)3
(~l − ~q) · (~l + ~q)( 1
ω1 + c
− 1
ω2 + c
)
1
ω22 − ω21
,
where
ω1 =
√
(~q −~l)2 + 4m2pi,
ω2 =
√
(~q +~l)2 + 4m2pi,
and
a = 2(MD∗ −MD), b = 2(MΣc −MΛc), c = 2(MΣ∗c −MΛc).
we transform above into coordinate space and obtain:
Va(r) =
−1
4π
(
g
fpi
)2(
g4
fpi
)2
1
a+ c
∫
dλ
a
a2 + λ2
[
2
r2
F
′
(λ, r)F
′
(λ, r) + F
′′
(λ, r)F
′′
(λ, r)
]
+
c
c2 + λ2
[
2
r2
F
′
(λ, r)F
′
(λ, r) + F
′′
(λ, r)F
′′
(λ, r)
]
,
Vb(r) =
−1
4π
(
g
fpi
)2(
g4
fpi
)2
1
a− c
∫
dλ
−a
a2 + λ2
[
2
r2
F
′
(λ, r)F
′
(λ, r) + F
′′
(λ, r)F
′′
(λ, r)
]
+
c
c2 + λ2
[
2
r2
F
′
(λ, r)F
′
(λ, r) + F
′′
(λ, r)F
′′
(λ, r)
]
,
Vc(r) = − 1
π
(
g4
fpi
)2
1
f2pi
∫
dλ
λ2
c2 + λ2
(
F
′
(λ, r)F
′
(λ, r)
)
,
2.spin- 1
2
in momentum space
Vd(~q) =
−3
8
(
g
fpi
)2(
g2
fpi
)2
∫
d3l
(2π)3
(~l − ~q) · (~l + ~q)(~l − ~q) · (~l + ~q){ 1
2(a+ b)
[
1
ω1(ω1 + a)
− 1
ω2(ω2 + a)
]
1
ω22 − ω21
+
1
2(a+ b)
[
1
ω1(ω1 + b)
− 1
ω2(ω2 + b)
]
1
ω22 − ω21
},
8
Ve(~q) =
−3
8
(
g
fpi
)2(
g2
fpi
)2
∫
d3l
(2π)3
(~l − ~q) · (~l + ~q)(~l − ~q) · (~l + ~q){ −1
2(a− b) [
1
ω1(ω1 + a)
− 1
ω2(ω2 + a)
]
1
ω22 − ω21
+
1
2(a− b) [
1
ω1(ω1 + b)
− 1
ω2(ω2 + b)
]
1
ω22 − ω21
},
Vf (~q) = −3
4
(
g2
fpi
)2
1
f2pi
∫
d3l
(2π)3
(~l − ~q) · (~l + ~q)( 1
ω1 + b
− 1
ω2 + b
)
1
ω22 − ω21
,
and in coordinate space
Vd(r) =
−3
8π
(
g
fpi
)2(
g2
fpi
)2
1
a+ c
∫
dλ
a
a2 + λ2
[
2
r2
F
′
(λ, r)F
′
(λ, r) + F
′′
(λ, r)F
′′
(λ, r)
]
+
b
b2 + λ2
[
2
r2
F
′
(λ, r)F
′
(λ, r) + F
′′
(λ, r)F
′′
(λ, r)
]
,
Ve(r) =
−3
8π
(
g
fpi
)2(
g2
fpi
)2
1
a− c
∫
dλ
−a
a2 + λ2
[
2
r2
F
′
(λ, r)F
′
(λ, r) + F
′′
(λ, r)F
′′
(λ, r)
]
+
b
b2 + λ2
[
2
r2
F
′
(λ, r)F
′
(λ, r) + F
′′
(λ, r)F
′′
(λ, r)
]
,
Vf (r) = − 3
2π
(
g2
fpi
)2
1
f2pi
∫
dλ
λ2
b2 + λ2
(
F
′
(λ, r)F
′
(λ, r)
)
,
There is a triangle diagram(digram g in Fig.1) and a 4-veterx digram(digram h in Fig.1) without Σ or Σ∗
propagator which provides :
Vg(~q) = −3
4
(
g
fpi
)2
1
f2pi
∫
d3l
(2π)3
(~l − ~q) · (~l + ~q)( 1
ω1 + a
− 1
ω2 + a
)
1
ω22 − ω21
,
Vh(~q) = −3
8
1
f4pi
∫
d3l
(2π)3
1
ω1 + ω2
,
Vg(r) = − 3
2π
(
g
fpi
)2
1
f2pi
∫
dλ
λ2
a2 + λ2
(
F
′
(λ, r)F
′
(λ, r)
)
,
Vh(r) = − 3
4π
1
f4pi
∫
dλλ2F 2(λ, r).
The total potential of the D − Λc is :
V (r) = Va(r) + Vb(r) + Vc(r) + Vd(r)
+Ve(r) + Vf (r) + Vg(r) + Vh(r).
The Function F (λ, r) used in the potential is defined as
F (λ, r) = e−
λ
2
Λ2 I2(
√
(2mpi)2 + λ2, r),
I2(m, r) =
m
4π
φ0c(m, r),
F ′(λ, r) =
d
dr
F (λ, r),
φ0c(m, r) = e
m
2
Λ2
[
e−mrErfc(−Λr
2
+
m
Λ
)− emrErfc(Λr
2
+
m
Λ
)
]
1
2mr
.
Here the function Erfc(x) is the complementary error function. More details can be found in the Appendix of
Ref [24].
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